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1. Introduction

Hydrogen peroxide (H,0,) has been reported to
mimic several effects of insulin in rat adipocytes such
as stimulation of glucose transport {1}, of glucose C-1
oxidation {2], of glucose incorporation into glycogen
[3], of lipid synthesis from glucose [4], and of pyru-
vate dehydrogenase complex (PDC) activity [4,5].
Evidence has also been presented that insulin leads to
an increase in H, O, production in adipocytes [6,7]
due to activation of a NADPH oxidase localized in
the plasma membrane [8]. From these findings the
possibility was raised that H,0, might play a role as
second messenger of insulin in adipose tissue [4,5].

As the PDH complex is located inside the mito-
chondria it seemed of particular interest to examine if
H, 0, might be capable to activate the enzyme when
added directly to isolated mitochondria. As will be
shown here isolated fat cell mitochondria displayed
much greater responsiveness of PDC to H,0, in com-
parison to isolated fat cells. Moreover we could
demonstrate that an organic peroxide, f-butyl
hydroperoxide is even superior to H,0, in stimulat-
ing PDC activity in isolated mitochondria. As judged
from measurements of mitochondrial ATP levels the
peroxides at the low concentrations used did not inter-
fere with mitochondrial energy production. From our
results it thus appears that isolated fat cell mitochon-
dria represent a preferred object for further studiesinto
the mechanism(s) of PDC activation by peroxide(s).

2. Materials and methods

Enzymes, coenzymes were from Boehringer

Elsevier/[North-Holland Biomedical Press

{(Mannheim), bovine serum albumin (BSA), dried,
purified from Behring Werke AG, (Marburg-Lahn),
collagenase CLS from Worthington {Freehold NJ),
N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid
(Hepes), morpholinopropane sulfonic acid (MOPS)
and g-phenylethylamine from Serva (Heidelberg),
Lubrol PX from ICI (Frankfurt), silicon oil AK 20
from Wacker Chemie (Burghausen). Other chemicals
were from Merck (Darmstadt). Sodium [**C]formate
(spec. act. 4.4 Ci/mol) was purchased from New Eng-
fand Nuclear and pig insulin was a gift of Novo (Mainz).

ATP and ADP were determined by enzymatic
methods with an Aminco-Bowman spectrophoto-
fluorometer (Am. Inst, Co.) as in {9]. H,0, produc-
tion was measured by the oxidation of sodium [**C]-
formate, according to [7] with the exception that
formate was 0.2 mM, The reaction was stopped with
0.5 ml 1.7 M CH;3COOH, and *CO, was absorbed on
filter strips presoaked in 0.4 ml 25% phenylethyl-
amine in methanol. The whole procedure resembles in
principle that described for measurement of [*C}]-
glucose oxidation [10]. Isolated fat cells were prepared
from epididymal adipose tissue of normal fed Sprague-
Dawley rats (Ivanovas, Kisslegg) weighing 160200 g
by the collagenase method [11] using 2 ml/g fat pad
of ‘Hepes-buffer’: 131 mM NaCl; 4.8 mM KC}; 2.5
mM CaCly; 1.2 mM KH,PO,; 1.2 mM MgS0, X 2
H,0; 25 mM Hepes; 50 mg BSA/ml; and 210 U colla-
genase/ml; final pH was 7.4, Digitonin fractionation
of fat cells [12] and preparation of fat cell mitochon-
dria {13] was done as described.

2.1. Incubation of intact fat cells
Packed cells (0.2 ml) were incubated with gentle
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shaking in closed plastic flasks at 37°C in 1.8 m}
‘Hepes-buffer” containing 25 mg BSA/ml. For other
additions see individual experiments,

2.2, Incubation of mitochondria

As a rule 50 il mitochondrial suspension were
incubated at 25°C in Eppendorf cups after mixing
with 1.45 ml KCl-medium (130 mM KC1, 2 mM
MgCls, 2 mM EDTA, 2 mM KH,P0,, 0.05% BSA, 5
mM Tris—-HCI (pH 7.4)). Gas phase was air. At the end
of incubation the samples were centrifuged for 60 s
at 9000 X g and 5°C (Eppendorf centrifuge), and the
supernatant discarded, Samples for enzyme deter-
mination were frozen in liquid nitrogen and further
treated as described below. For adenine nucleotide
determination the pellets were immediately depro-
teinized by vigorous mixing (Whirl-Mix) with 0.1 ml
12% 1ICI0, and further treated by neutralization
with KOH and centrifugation as usual. As a rule the
conients of 3 cups were pooled for adenine nucleo-
tide determination.

2.3, Preparation of enzyme extracts

Extracts from whole fat cells were prepared as in
[12]. The frozen mitochondrial pellets were sus-
pended by vigorous agitation (Whirl-Mix} in 8.2 ml 15
mM Tris—HCI (pH 7.0) containing 8.01 ml rat serum
[14] and 0.002 m! Lubrol PX. After another freezing
and thawing of the samples PDC activity was measured
spectrophotometrically before (PDH,)), and after
incubation of the extract with pig heart phosphatase
f15] and 10 mM Mg* as in [13] (total activity),

3, Results and discussion

Incubation of allipocytes in the presence of 5 mM
H. 0, caused a nearly 3-fold increase in the active
form of pyruvate dehydrogenase (table 1). The possi-
hility that this change could be due 1o 2 fall in mito-
chondrial ATP caused by H, O, appears to have not
been considered previously, It seems therefore impor-
tant to note from table 1 that in these experiments,
like in earlier studies with insulin [12] the ATP levels
remained essentially unchanged when measured in
the mitochondrial compartment of these cells obtained
by digitonin fractionation.

With regard to the possible role of H,0; acting as
an intracellular messenger of insulin at the mitochon-
drial level it was of interest to investigate if hydrogen
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Table 1
Effect of H,0, on PDH, activity and ATP-evels of isolated
fat cells and their mitochondrial fraction

Addi~ PDHa {in % of total) ATP (nmol/g fresh cells)
tions

Whole cells Whole cells  Mitochondrial

fraction

None 134+ 31 1206+ 9.7 75+1.0
2 <0.005 .. ..

H;0,

(SmM) 296+40 113.2+18 6909

Cells were incubated 15 min in glucose (0.5 mM) conlaining
medium and further treared for digitonin fracrionation. Total
PDC activity was 289 = 28 mU/g fresh cells. Mean values + SEM
of 4 different expt. assaved in triplicate are given. For further
details see section 2. Statistical significance against control
without H, O, was measured by Student’s r-test.

peroxide has an effect on the PDH complex also
when directly added to incubations of isolated mito-
chondria. If one compares the results of table ! and
table 2 it is clear that isolated mitochondria respond
to much lower concentrations of H,O, than whole
cells showing a 3-fold increase in the amount of PDH,
at 0,1 mM H,0,. It should be noted that again there
was no lack in ATP supply as indicated by the
unchanged ATP/ADP ratic under these conditions
whereas a marked fall of mitochondrial ATP/ADP did
oceur at higher HyG, concentrations (1 mM) which
apparently lead to a disturbance of the mitochondrial
energy metabolism. The large additional increase of

Table 2
Effect of H,0, on I’DHa activity and ATP/ADP ratio of
isolated fat cell mitochondria

Addition PDH, ATP
{in % of total} ADP

None 10.52 248 .54 + 006

H,0,, 0.1 mM 33.1 + 5.64 0.53 = 0.07

H,0,,1.0mM 70.3 x 7.82 0.31 + 0.049

ATP-trap 721+ 548 0.25 £ 0.048

ip <001

Fat cell mitochondria comresponding to a total PDC activity
of 18.4 £ 4.2 mU were incubated in 1.5 ml KCl-medium con-
taining 0.05% BSA and whese indicated 20 uM ADP, 10 mM
glacose, 250 pg/ml hexokinase for ATP trapping. Incubation
time was 9 min. f = 25°C. For further details see scction 2.
Values are given as means * SEM of 5 expt.
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the level of PDH, up to 70% of total PDC activity at
high doses of H,0,, an effect comparable to that
obtained by ATP trapping in table 2 must therefore
clearly be distinguished from the mitochondrial
actions of low peroxide concentrations. Thus, all
subsequent studies were carried out using peroxide
concentrations which did not influence the phospho-
rylation state of the mitochondrial adenine nucleo-
tides.

The time course of PDC activation by H,0, in
isolated mitochondria illustrated in fig.1 shows that
the effect sets in with a lag period of several minutes
reaching its maximum after ~15 min. A similar rela-
tionship exists with respect to insulin in isolated fat
cells [16]. This and the finding, that there is no addi-
tive effect if insulin and H,0, are given together (not
shown) suggests that the two agents may share a
common mechanism in PDC activation.

In the studies shown in fig.] we could further
demonstrate that the effect of H,0, is not specific,
and that an organic peroxide, -butyl hydroperoxide,
is also effective in PDC activation displaying a similar
time relationship. On the other hand comparison of
the concentration relationships in fig.2 clearly shows
that z-butyl hydroperoxide is much more effective
than H,0, leading to half-maximal increase in PDH,
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Fig.1. Time course of PDC activation by peroxides. Fat cell
mitochondria corresponding to a total PDC activity of
9.8 + 1.2 mU were incubated at 25°C in 1.5 ml KCl-medium

containing 0.05% BSA for the times indicated in the abscissa.

Each point represents the means of different experiments +
SEM as indicated: (®) 0.1 mM hydrogen peroxide (n = 8);

(o) 0.1 mM £-butyl hydroperoxide (n# = 3); (4) controls (n = 5).

FEBS LETTERS

December 1980

604

PDHa (in % of total)
=
\

Y T
0.01 0.05 01 mM

Peroxide concentration

Fig.2. PDH,, activity of isolated fat cell mitochondriaasa
function of the concentration of H,0, (o) and #-butyl hydro-
peroxide (o). Mitochondria were incubated in KCl-medium
containing 0.05% BSA and the peroxide concentrations as
inditated for 9 min at 25°C. Data points are the means + SEM
from 5 separate expt. With the exception of the lowest
[H,0,] all points differ significantly with p < 0.05-< 0.01
from the controls. Total PDC activity (100%) was 124 = 2.4
mU/assay. For further experimental details see section 2.

activity already at ~5 uM. This difference may be
attributable to a greater stability of the organic
hydroperoxide which is known to react only with
glutathione peroxidase [17], while H,0, is decom-
posed by both glutathione peroxidase and catalase
[17], the latter a likely contaminant of mitochondrial
preparations, It should be noted that z-butanol, the
product of z-butyl hydroperoxide reduction did not
change PDC activities when added to mitochondria at
comparable concentrations {(not shown).

From a physiological point of view it seems of inter-
est that insulin leads to increased H,O, production in
adipocytes as judged from [**C]formate oxidation [7].
This is confirmed by experiments documented in
table 3 where there was a 2-fold stimulation of for-
mate oxidation by insulin accompanied by a 3-fold
increase in PDH, activity.

However in contrast to other reports [5,18] our
data in table 3 demonstrate that the effect of insulin
on both PDC activity and ['*C}formate oxidation
was dependent on the addition of glucose to the
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Table 3
Effect of insulin on PDC activity and formate oxidation in
isolated fat cells

Experimental Glucose PDH, [**C]Formate

condition added  (in % of total) oxidation (% of
the basal rate)

Control None 96+19

Insulin 2 mU/ml None 101 + 2.4 107 £ 10

Control 0.5mM 122+1.8

Insulin 2mU/ml 0.5mM 36.1 2.8 211 %25

Mean values + SEM from 5 different expt., each assaved in
triplicate are given. Cells corresponding to a tatal PDC activ-
ity of 23.2 2.8 mU were incubated 30 min at 37°C in 2 ml
‘Hepes buffer’ containing 2.5% BSA, 0.2 mM ["*C]formate
and glucose as indicated. For further details see section 2

incubations. However, PDC activation by exogen-
ously added H,0, (5 mM) did not depend on the
presence of glucose in the medium. The mean values
from 2 expt. for PDH, activity (in % of total activity)
in controls and H,O,-stimulated cells were 6.5 and
27.0 in the absence, and 5.3 and 30.1 in the presence
of glucose (0.5 mM). It appears therefore that glucose
has to serve as substrate for the insulin-stimulated
intracellular peroxide generation and hence activation
of the PDC system.

From these results, isolated fat cell mitochondria
can be regarded as the preferred object for the study
of the mechanism of PDC activation by peroxides.
Concerning the signal transfer from the plasma mem-
brane to the mitochondria the high efficiency of
t-butyl hydroperoxide points to the possibility that
not H,0, itself but an intracellularly generated
organic peroxide might be the postulated messenger
of insulin. With respect to the mechanism of PDC
interconversion it has been proposed that the kinase
(which leads to inactivation) is activated by reduction
{and acetylation) of the lipoyl moieties of the lipoate
acetyltransferase [19,20]. Accordingly, an increase of
the proportion of oxidized transferase-bound lipoyl
residues would deactivate the kinase and thus lead to
PDC activation. It seems therefore conceivable that
the mechanism of peroxide(s) (and insulin) implies
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enzyme catalyzed lipoyl-SH oxidation possibly
involving mitochondrial glutathione peroxidase or
(an)other peroxidative enzymatic pathway(s).

Acknowledgement

This work was supported by the Deutsche For-
schungsgemeinschaft, Bad Godesberg, FRG.

References

1] Czech, M. P, Lawrence, §. C. jr and Lynn, W. 8. (1974)
Proc. Natl. Acad. Sci. USA 71,4173-4177.
{2] Czech, M. P., Lawrence,J. C. jr and Lynn, W. S. (1974)
J. Biol. Chem. 249, 1001-1006.
{3] Lawrence,J. C. jr and Larner, J. (1978) I. Biol. Chem.
253,2104-2113. )
[4] May, I. M. and De Haén, C. (1979) J. Biol. Chem. 254,
9017-9021.
[5] Mukherjee, S. P., Mukherjee, Ch. and Lynn, W. S.
(1980) Biochem. Biophys. Res. Commun. 93, 36 -41.
[6] Mukherjee, S. P., Lane, R. H. and Lynn, W. S. (1978)
Biochem. Pharmacol. 27, 2589-2594.
[7] May,J. M. and De Haén, C. (1979) I. Biol. Chem. 254,
2214-2220.
{8] Mukherjee, S. P. and Lynn, W. S. (1977) Arch. Bio-
chem. Biophys. 184, 69-76.
[9] Lamprecht, W. and Trautschold, 1. (1970) in: Methoden
der enzymatischen Analyse (Bergmeyer, H. U. ed)
vol. 2, p. 2024, Verlag Chemie, Weinheim.
[10] Gliemann, J. (1967) Diabetologia 3, 382~388.
{11] Rodbell, M. (1964) J. Biol. Chem. 239, 375-380.
[12] Paetzke-Brunner, 1., Schén, H. and Wieland, O. H.
(1978) FEBS Lett. 93,307-311.
[13] Laffler, G., Bard, 8. and Wieland, O. H. (1975) FEBS
Lett. 60, 269274,
[14] Wieland, O. H. (1975) FEBS Lett. 52, 44-47.
[15] Siess, E. A. and Wieland, O. H. (1972) Fur. J. Biochem.
26,96-105.
[16] Weiss, L., Loffler, G. and Wieland, O. H. (1974) Hoppe-
Seyler’s Z. Physiol. Chem. 355,363-377.
[17] Chance, B, Sies, H. and Boveris, A. {1979) Physiol.
Rev. 59, 527-605.
[18] Coore, H. G., Denton, R. M., Martin, B. R. and Randle,
P.J.(1971) Biochem.J, 125,115-127.
[19] Roche, T. E. and Cate, R. L. (1976) Biochem. Biophys. -
Res. Commun. 72, 1375-1383.
[20] Cate, R. L. and Roche, T. E. (1978) 1. Biol. Chem. 253,
496--503.



